Background: Childhood obesity is a major health problem. An association between children's body mass index (BMI) and overeating has been established, but mechanisms leading to overeating are poorly understood. The personality characteristics impulsivity and reward responsiveness may be involved in the tendency to overeat. Impulsivity might relate to overeating through poor inhibition of food intake; reward responsiveness through the rewarding value of food. Objective: This study aimed to reveal the relationships between impulsivity, reward responsiveness, overeating and BMI in a sample of 346 Dutch children aged 6-13 years. The BMI distribution in the sample was representative of the BMI distribution in the Dutch pediatric population. Methods: Impulsivity and reward responsiveness were measured with the Dutch version of the parent-report Sensitivity to Punishment and Sensitivity to Reward Questionnaire for children. Overeating was assessed with the Dutch translation of the parent-report Children's Eating Behaviour Questionnaire. Results: Overeating, impulsivity and reward responsiveness were significantly associated with childhood BMI. Mediation analysis revealed that impulsivity and reward responsiveness equally and significantly predicted BMI indirectly through overeating. Conclusions: The personality characteristics impulsivity and reward responsiveness predict childhood BMI indirectly through overeating. This suggests that these personality characteristics are risk factors for obesity.
Introduction
Childhood obesity is a major health concern. It is associated with considerable health risks. For instance, glucose intolerance and insulin resistance are common in severely obese children. 1 In the Netherlands in 2002-2004, 13 .5% of boys and 16.7% of girls aged 4-15 years were overweight, and 2.9% and 3.3%, respectively, were obese. 2 To address this public health problem, knowledge of the mechanisms underlying the development of overweight in children is required. Childhood body mass index (BMI; weight/length 2 ) was reported to be associated with overeating. 3 However, factors contributing to overeating in children are poorly understood. It has been proposed that the personality traits sensitivity to reward and impulsivity are involved in eating behavior (for example, refs [4] [5] [6] [7] [8] . These personality characteristics are incorporated in Gray's neuropsychological model of reinforcement sensitivity. 9 The model states that behavior is mediated by two independent brain systems, the behavioral inhibition system (BIS) and the behavioral approach system (BAS). The BIS is sensitive to aversive cues such as punishment and termination of reward. Activation of this system leads to avoidance behavior or inhibition of responses. The BAS, in contrast, is sensitive to signals of reward. Its activation leads to initiation of behavior, in order to pursuit the expected reward. The BAS consists of three factors: reward responsiveness (that is, the anticipation of and positive response to reward), impulsivity/fun seeking (that is, willingness to seek out and spontaneously approach potentially rewarding experiences) and drive (that is, persistence to achieve goals). Gray's theory states that individual differences in personality reflect the variation in relative strength of the BIS and BAS. 10 Food has substantial rewarding value and the BAS reward responsiveness factor is thus thought to be involved in activating eating behavior in response to appetitive stimuli. The impulsivity factor of BAS may relate to overeating through poor inhibition of food intake. The involvement of sensitivity to reward and impulsivity in obesity risk is supported by neuroimaging studies and neurocognitive experiments. Sensitivity to reward is based on the mesolimbic reward system. 11, 12 Inhibition is mediated by the prefrontal cortex. 13 Neuroimaging studies in adults provide support for the involvement of these brain regions in obesity risk. [14] [15] [16] [17] For instance, Volkow et al.
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found a negative correlation between BMI and metabolic activity in the prefrontal cortex and cingulate gyrus. In the study of Wang et al., 16 striatal dopamine D2 receptor availability was lower in obese individuals. A few pediatric studies also reported heightened impulsivity and reward responsiveness in obese children compared with normal weight controls in neurocognitive tasks including the stop signal task, 7 matching familiar figures task, 4 and a door opening task. 7 In addition, impulsivity was associated with higher body weight in obese children. 18, 19 Recently, Graziano et al. 20 reported that better inhibitory control and lower reward responsiveness were already associated with lower BMI at the age of 2. There is also comorbidity between obesity and attention deficit hyperactivity disorder, of which impulsivity is one of the main symptoms.
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The literature is short of children's studies that measured eating behavior in addition to BMI and personality characteristics. In addition, most studies focused on clinical groups instead of samples representative of the general population. In this study, we measured overeating, reward responsiveness and impulsivity using parent-report questionnaires in children aged 6-13 years. It was hypothesized that impulsivity and reward responsiveness influence BMI through overeating. To our knowledge, the current study is the first to explore the associations between impulsivity, reward responsiveness, overeating and BMI in a large group of children with a BMI distribution representative for the general population. These associations were tested with mediation analysis.
Materials and methods
Participants and procedure Children were recruited in February and March 2009 through 11 primary schools located throughout the Netherlands. Letters describing the study were handed out to all children in grades 1-6, which represented approximately 1450 parents. A total of 500 parents agreed to participate and received an extensive questionnaire, either by mail or by a digital system. The questionnaire contained questions about early growth, physical activity and medical status of the children. In addition, it contained the Strengths and Difficulties Questionnaire, the Sensitivity to Punishment and Sensitivity to Reward Questionnaire for children (SPSRQ-C), and the Children's Eating Behaviour Questionnaire (CEBQ). The questionnaire also contained items about relatives of the patient (weight and length of siblings and parents, ethnicity, family history of obesity and type 2 diabetes, and education level of parents). In total, 417 (83.4%) parents filled in the questionnaire. Children were excluded from the analysis if: (a) the child was known to have celiac disease, type 1 diabetes or a physical disorder that restrained body movement, (b) the parents had not completed the CEBQ and SPSRQ-C, or (c) a sibling participated in the study (the youngest child was included). A maximum of 5% missing values in the CEBQ and the SPSRQ-C was allowed.
A total number of 346 children entered the analysis. This group included 193 boys (55.8%) and 153 girls (44.2%) aged 6-13 years (mean age 9.14 years, s. Cronbach's a ¼ 0.87 in the present study). Table 1 lists the items of overeating. Average subscale item scores were used in the analyses.
Sensitivity to Punishment and Sensitivity to Reward Questionnaire for Children. Impulsivity and reward sensitivity were assessed with the Dutch version of the parent-report SPSRQ-C. This questionnaire was originally developed by Colder and O'Connor. 25 The instrument consists of 33 items with a 5-point Likert scale response format, ranging from 1 (strongly disagree) to 5 (strongly agree). The SPSRQ-C consists of four subscales, three referring to BAS (impulsivity/ fun seeking, reward responsiveness and drive) and one to BIS. Two BAS subscales were used in the current study, impulsivity/fun seeking and reward responsiveness. Both scales consist of seven items (Table 1) . Average subscale item scores were used in the analyses. Luman and colleagues 26 recently translated the SPSRQ-C in Dutch. They validated the questionnaire using a combination of exploratory and confirmatory factor analyses in a group of 1312 Dutch children aged 6-12. Factor analysis revealed a 4-factor structure that was highly similar to that of the original version. Internal consistency was 0.75 for both impulsivity/fun seeking and reward responsiveness.
In the present study, we found a Cronbach's a of 0.64 for impulsivity/fun seeking and 0.73 for reward responsiveness. External validity of the SPSRQ-C was investigated by Luman et al. 26 by comparing different subgroups of children with attention-deficit/hyperactivity disorder who are thought to show altered sensitivity to reward and punishment. All groups with attention-deficit/hyperactivity disorder scored higher on BAS reward responsiveness and BAS impulsivity/ fun seeking than controls.
Body mass index. Body weight and height of the children were measured by trained researchers at school. The subjects were wearing clothing, but no shoes during these measurements. Weight was measured within 0.1 kg with an electronic flat scale (Seca Bella 840; Schinkel, Nieuwegein, Netherlands). Height was measured to the nearest mm using a wall-mounted microtoise tape measure (Microtoise, CMS Weighing Equipment, London, UK). Weight and height were used to calculate BMI (weight in kg divided by squared height in m). BMI standard deviation scores (BMI-SDS) were calculated with Growth Analyser 3.5 software (Dutch Growth Foundation, Rotterdam, The Netherlands), using the most appropriate reference population (that is, 'The Netherlands 1997, Turkish, BMI for age' for children of Turkish descent; 'The Netherlands 1997, Moroccan, BMI for age' for children of Moroccan descent; and 'The Netherlands 1997, BMI for age' for all other ethnicities). Underweight, normal weight, overweight and obesity were defined according to the international criteria for thinness and obesity.
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Statistical analysis SPSS version 16.0 (IBM Corporation, Somers, NY, USA) was used for all statistical analyses. Spearman's rank correlations between age and the raw questionnaire scores were calculated to investigate the relationship between age and the personality traits. Gender differences in raw questionnaire scores were tested using Mann-Whitney U-tests. Next, we corrected questionnaire scores for age and sex because it is known from the literature that age and sex influence these traits. 6, 7 To this end, we regressed each questionnaire score on age and sex and used the standardized residuals for all further analyses. We first evaluated BMI group differences in questionnaire scores. We performed multivariate analysis of variance with group (underweight, normal weight, overweight or obese) as fixed factor and the age-and sex-corrected impulsivity and reward responsiveness scores as dependent variables. Levene's test was used to check for univariate equality of variances between groups. Box's test was used to check the assumption of homogeneity of covariance matrices. Pillai's Trace test statistic was used to investigate group differences in impulsivity and reward responsiveness scores. To study the nature of significant multivariate findings, follow-up 
BAS-reward responsiveness
1. The good prospect of obtaining a reward motivates your child strongly to do some things. 2. Your child often does things to be praised. 3. Your child enjoys being the center of attention. 4. When your child is in a group, they try to stand out as the smartest or the funniest. 5. When your child gets something they want, they feel excited and energized. 6. Your child does a lot of things for approval. 7. Does your child generally prefer activities that involve immediate reward.
Abbreviations: CEBQ, Children's Eating Behaviour Questionnaire; SPSRQ-C, Sensitivity to Punishment and Sensitivity to Reward Questionnaire for children.
Personality traits influencing BMI in children
Mediation analysis was used to test our main hypothesis that impulsivity and reward responsiveness predict BMI-SDS through overeating. We used the statistical procedure as described by Baron and Kenny for mediation analysis. 29 According to Baron and Kenny, mediation is present when (1) the independent variable (impulsivity/fun seeking or reward responsiveness scores) significantly predicts the mediator (overeating scores); (2) the mediator significantly predicts the dependent variable (BMI-SDS); (3) the independent variable significantly predicts the dependent variable in the absence of the mediator; and (4) the effect of the independent variable on the dependent variable is substantially reduced when the mediator is added to the multiple regression model as an independent variable. Multiple linear regression was used for these analyses; a separate analysis was performed for impulsivity/fun seeking and for reward responsiveness. We also formally tested the significance of the indirect effect using a bootstrap approach as described by Preacher and Hayes. 30 To this end, the dataset was randomly resampled 5000 times with replacement. This resulted in 5000 samples with mediation effect. The mean of these mediation effects was used as a population parameter. When the 99% confidence interval around this parameter did not include zero, we considered the indirect effect to be significant (see Preacher and Hayes 30 for further details).
Results
Sample characteristics regarding gender, age, BMI-SDS and the three questionnaire scales are presented in Table 2 (Table 2) . Post hoc tests showed that obese children scored significantly higher on overeating than the other BMI classes (Po0.001 for all comparisons). Overweight children scored significantly higher on overeating than normal weight and underweight children (Po0.001 for both comparisons). Normal weight children scored higher on overeating than underweight children, but this difference was not significant (P ¼ 0.27).
Multivariate analysis of variance revealed that there were also significant differences between underweight, normal weight, overweight and obese children in the SPSRQ-C subscale scores, F(6,684) ¼ 4.12, Po0.001. Separate univariate analysis of variances on the outcome variables showed that the groups differed significantly in both reward responsiveness (F(3,342) ¼ 6.89, Po0.001) and impulsivity/ fun seeking (F(3,342) ¼ 4.26, P ¼ 0.006) ( Table 2) . Obese children scored higher than overweight (P ¼ 0.014), normal weight (P ¼ 0.003) and underweight children (Po0.001) on reward responsiveness. Overweight and normal weight children did not have significantly different reward responsiveness scores (P ¼ 1.0). Normal weight children had higher reward responsiveness scores than underweight children Group differences in percentage of boys were tested with a w 2 -test. Group differences in age were tested with a Kruskal-Wallis test. Group differences in the other variables were tested using ANOVA with post hoc Bonferroni tests. P-values o0.05 are indicated in bold. The higher BMI group was always the higher scoring group in these analyses.
b Means and standard deviations represent data corrected for sex and age; that is, we regressed each questionnaire score on age and sex and used the standardized residuals for statistical analyses.
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L van den Berg et al (P ¼ 0.047). In other words, the relationship between BMI class and reward responsiveness scores was additive, but overweight children could not be distinguished from normal weight children (Table 2) . Obese children scored higher on impulsivity/fun seeking than normal weight (P ¼ 0.028) and underweight (P ¼ 0.014), but not overweight children (P ¼ 0.64). Impulsivity/fun seeking scores of overweight children were not significantly different from those of normal weight (P ¼ 0.65) and underweight children (P ¼ 0.21). Impulsivity/fun seeking scores of normal weight and underweight children did not differ significantly (P ¼ 0.99). In other words, the relationship between BMI class and impulsivity/fun seeking score was additive, but the group differences were significant only when comparing the most extreme (that is, obese) children to the other BMI groups (Table 2) . Similar results were obtained when the children with psychiatric disorders were excluded from the analysis (Supplementary Table S1 ).
We hypothesized that impulsivity and reward responsiveness influence BMI through overeating (Figure 1 ). To test this hypothesis, mediation analysis was performed. For both impulsivity/fun seeking and reward responsiveness, our data met the assumptions for mediation analysis as described by Baron and Kenny: 29 (1) pathway c in Figure 1) ; and (4) The effect of impulsivity/fun seeking and reward responsiveness on BMI-SDS was substantially reduced when overeating was added to the multiple regression model as an independent variable (unstandardized b ¼ À0.037; P ¼ 0.47 for impulsivity/fun seeking and unstandardized b ¼ À0.058; P ¼ 0.25 for reward responsiveness; pathway c 0 in Figure 1 ). The indirect path (c-c 0 ) was significant for both impulsivity/fun seeking (99% confidence interval: 0.096-0.273) and reward responsiveness (99% confidence interval: 0.095-0.272). These results support our hypothesis that the two personality traits influence BMI-SDS through overeating.
Discussion
This study examined the associations between impulsivity, reward responsiveness, overeating and BMI in a large sample of Dutch children. The sample was representative in terms of geographical spread and BMI of the subjects. Mediation analysis confirmed our main hypothesis: the personality characteristics impulsivity and reward responsiveness were indirectly associated with BMI through overeating. The data suggest that the personality traits are risk factors for obesity because of the way they covary with behaviors (for example, overeating) that contribute more directly to BMI. In addition to these dimensional analyses, we investigated whether the BMI groups differed in questionnaire scores using multivariate analysis of variance with post hoc analyses. These analyses revealed that higher BMI class was associated with higher questionnaire scores, with questionnaire scores of obese children differing the most from those of the other BMI groups.
Studies on the relationship between impulsivity and reward responsiveness and childhood obesity are sparse. As was described in the Introduction, a few previous casecontrol studies applied neurocognitive tasks in obese children and normal weight controls. 4, 7 These studies reported heightened impulsivity and reward responsiveness in obese children, which is in line with our own findings. Some other studies used a questionnaire similar to our SPSRQ-C. Nederkoorn et al. 7 reported that 32 overweight adolescents scored slightly higher than 31 lean adolescents on the subscale fun seeking of the self-report BIS/BAS scales questionnaire. This subscale is highly similar to our impulsivity/fun seeking subscale. However, they did not find differences on the reward responsiveness scale of their questionnaire. Verdejo-Garcia et al. 31 also failed to detect differences on the self-report SPSRQ between 27 obese and 34 normal weight adolescents. It is difficult to comment on these conflicting findings because of the differences in Personality traits influencing BMI in children L van den Berg et al measurement tools, informants (parent-report or self-report) and age groups between the studies. The measures used in the present study can be a point of discussion. The overeating scale mixes the original scales 'Food Responsiveness' and 'Emotional Overeating'. The internal consistency of the overeating scale was high, indicating that it is a single dimension. Impulsivity/fun seeking and reward responsiveness correlated substantially, implying that these constructs are related. Impulsivity is sometimes divided into two aspects in the literature: reward responsiveness and rash-spontaneous impulsiveness. 32 Both aspects result from relatively high BAS and low BIS activation in Gray's model. Children with high BAS activation are sensitive to reward and therefore tend to chase rewards, often in an impulsive manner. We used age-and sexcorrected questionnaire scores in our analyses. As a result, it was not possible to study gender differences in the relationship between BMI-SDS and questionnaire scores. To exclude this possibility, we tested the interaction between raw questionnaire scores and gender. These interactions were not significant (data not shown).
There are a number of limitations to our study. First, medium to highly educated parents were overrepresented among respondents. The results may therefore not be completely representative of the general Dutch population. Second, we did not exclude children with psychiatric problems from our analyses. It is known that chronic obesity is associated with psychopathology. 34 Psychopathology in turn may be associated with altered impulsivity or reward responsiveness. 35 We have repeated our analyses without the children with psychiatric problems and obtained highly similar results (Supplementary Table S1 ). We thus do not expect large implications for our conclusions. Another limitation is that our measures of impulsivity and reward responsiveness are solely based on parental report. An advantage of using questionnaires in research is the large number of people who can be contacted at the same time. In addition, the construct validity is expected to be high. However, a shortcoming of parent-report questionnaires is that information about the child is collected indirectly through the parent. Subjectivity of the parent reports may affect the outcome of the questionnaires. Neuropsychological tasks are a more objective method of measuring impulsivity and reward responsiveness. One of our future plans is to expand our study with neurocognitive data.
An important limitation of our study is its cross-sectional nature. Our hypothesis was that obesity results from heightened impulsivity and reward responsiveness (through overeating). However, cross-sectional data do not allow to discriminate between this hypothesis and the alternative that obesity causes altered impulsivity and reward responsiveness. Longitudinal studies should be able to shed more light on this. An example is the study of Graziano et al. 20 who used a delay of gratification task in 57 two-year-old children. The toddlers were presented a gift-wrapped box, which they were not allowed to open for two minutes.
The total time touching the gift was used as a measure of impulsivity and reward responsiveness. Better inhibitory control and lower reward responsiveness were associated with lower BMI at the age of 2. In addition, the traits predicted obesity problems at the age of 5.5 in the children. 20 This suggests that impulsivity and reward responsiveness affect obesity risk. Impulsivity and reward responsiveness also have an important role in the neurobiology of addiction. 14 Recent studies reported that obesity and addiction are influenced by common genetic factors (for example, neurexin 3 and brain-derived neurotrophic factor). [36] [37] [38] These observations may suggest that individuals who are genetically at risk for heightened impulsivity and reward responsiveness may tend to overeat and become obese. In favor of the alternative hypothesis that obesity causes altered impulsivity and reward responsiveness, it has been suggested that obesity can disturb brain mechanisms just like addictive drug abuse does. 39 We speculate that obesity might in fact both be caused by and be causative of heightened impulsivity or reward responsiveness.
In conclusion, our results suggest that impulsivity and reward responsiveness affect obesity risk through overeating in primary school children. Understanding the associations between personality characteristics, eating behavior and BMI is of great importance for the prevention and treatment of childhood obesity. For instance, behavioral interventions to counteract impulsive behavior may help to prevent overeating. 40 
